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Rotirajoča disk elektroda kot metoda za merjenje aktivnosti in stabilnosti 
elektrokatalizatorjev reakcije evolucije kisika na osnovi iridija  
Povzetek: 
Enega od glavnih izzivov sodobne družbe predstavlja pridobivanje energije ter z njim 
povezani stroški. Z naraščanjem prebivalstva in razvojem družbe se povečujejo tudi 
potrebe in poraba električne energije, ki predstavlja temelj sodobne družbe in sodobnega 
načina življenja. Vsa najpomembnejša industrija, od farmacevstske proizvodnje do 
predelave hrane, potrebuje stalen in zanesljiv vir energije za proizvodnjo blaga ter dobavo 
in transport surovin in izdelkov. 
V preteklosti so energijo, potrebno za rast družbe in vseh velikih industrij zagotavljala 
predvsem fosilna goriva. Denimo uporaba premoga za pogon parnih strojev je 
zaznamovala začetek prve industrijske revolucije, vse do danes pa razne oblike fosilnih 
goriv ostajajo najbolj pomemben vir primarne energije. Ker pa se naše znanje glede 
njihovega negativnega vpliva na naš svet povečuje, smo prisiljeni razmišljati o prehodu 
na bolj obnovljive in trajnostne sisteme. Cilj je ustvariti krožni sistem, pri čemer bi 
izhajali iz obnovljivih in čistih virov energije, kot so vetrne turbine, fotovoltaika, 
hidroelektrarne.[1], [2] [3]. 
 
 Uporaba novih trajnostnih virov energije zahteva tudi učinkovito shranjevanje 
pridobljene energije, saj slednjo pridobivamo le občasno (sonce, veter itd niso vedno na 
razpolago) in le na določenih mestih, kjer so postavljene te naprave. Shranjevanje energije 
v obliki vodika ima številne prednosti, med katerimi je najpomembnejša odsotnost 
emisijemisij ogljikovega dioksida ob njegovi porabi kot gorivo. Ključni del pri uporabi 
te shranjene energije je polimerna gorivna celica oziroma gorivna celica s protonsko 
prevodno membrano (PEMFC). To je naprava, ki lahko zagotavlja lokalno električno 
energijo z uporabo vodika kot primarnega goriva in proizvaja samo vodo kot odpad. Da 
bi gorivna celica imela visok izkoristek, je treba uporabiti čisti vodik.  
 
Trenutno se svetovna proizvodnja vodika še vedno opira na proces, ki je star skoraj pol 
stoletja. Proces Haber-Bosch ni samo visoko energetsko intenziven, temveč proizvaja 
veliko nevarnih odpadkov in toplogrednih plinov, ki so glavni problem poleg velikih 
količin sproščenega CO2. Posledično je stroka začela razmišljati o zelo starem pristopu 
za pridobivanje vodika preko vodne elektrolize v elektrolizerju s protonsko prevodno 
membrano (PEM-WE). 
 
Vodna elektrolizacijska celica s protonsko izmenjalno membrano (PEM) je 
electrokemijska celica, ki kot vmesnik med elektrodama uporablja tanko (običajno 100–
200 µm) protonsko prevodno polimerno membrano. Enota celice je dokaj kompaktna, 
omejena je z dvema velikima in milimetrsko debelima ploščama (5–5 ′) (ponavadi iz 
titana), ki razmejujeta posamezno celico, zagotavljata pa tudi mehansko togost in 
prispevata k enakomerni porazdelitvi tlaka. Posamezne celice so povezane zaporedno, 
(zato) da se povečajo proizvodne zmogljivosti vodika. Protonske izmenjalne 
membraneimajo številne prednosti, kot so manjša prepustnost plina, visoka protonska 
prevodnost (0,1 ± 0,02 S cm−1) in operativnostpod visokim tlakom. Glede na trajnost in 
vpliv na okolje je elektroliza vode ena izmed ugodnih metod za pretvorbo obnovljive 
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energije v visoko čist vodik. Ostale prednosti vodne elektrolize  PEM-WE so kompaktna 
zasnova, visoka gostota toka (nad 2 A cm-2), visoka učinkovitost, hiter odziv, majhen 
ogljični odtis, nizkotemperaturno delovanje (20–80 ° C) proizvodnja ultra čistega vodika 
ter kisika kot stranskega produkta.[8], [9]. 
 
Trenutno je učinkovitost naprav za proizvajanje vodika (elektrolizerjev) omejena s 
počasno kinetiko reakcije elektrokemijskega nastanka kisika (OER) in nezadostno 
stabilnostjo elektrokatalizatorja. Ta je namreč med delovanjem izpostavljen visokim 
elektrokemijskim potencialom, kar sproža različne degradacijske procese 
elektrokatalizatorja.[1] 
 
V tej magistrski nalogi raziskujemo nanodelce iridija, nanešene na titan-oksinitridno 
prevleko z veliko specifično površino, ki prekriva osnovno plast ogljika.[10] Takšen 
kompozitni material se lahko uporablja kot elektrokatalizator v anodi elektrolizerja, na 
kateri poteka reakcija razvoja kisika. V nalogi pokažemo, da optimizacija omenjenega 
kompozita lahko vodi do povečane učinkovitosti anode, saj zaradi velike površine 
zmanjšamo količino nanešenega katalizatorja, pri tem pa se aktivnost ohrani.[11] S 
pospešenimi protokoli, katerih namen je v kratkem času testirati stabilnost katalizatorja, 
pokažemo, da kompaktna prevleka iz titanovega oksinitrida na ogljikovem substratu 
izrazito poveča obstojnost sicer intrinsično nestabilnega ogljikovega nosilca v kislih in 
oksidativnih pogojih, pod katerimi poteka reakcija razvoja kisika. Izpostavimo tudi 
številne težave, na katere naletimo pri primerjavi aktivnosti in stabilnosti novega 
katalizatorja, izmerjenih s pomočjo rotirajoče disk elektrode, ki jo uporabljamo za 
merjenje učinkovitosti elektrokatalizatorjev. 
 
V tej disertaciji smo preučili naslednje vidike pri razvoju učinkovitega in stabilnega 
elektrokatalizatorja: i) material elektrode, ii) nanos katalizatorja iii) dolgotrajna stabilnost 
katalizatorja iv) priprava črnila katalizatorja in v) protokol aktivacije in zgodovina 
uporabljene elektrode. Omenjeni vidiki igrajo ključno vlogo pri uporabi RDE za 
ocenjevanje  elektrokatalizatorja OER. 
 
Material elektrode podlage 
 
Izbira substratne elektrode, na kateri se preizkuša elektrokatalizator za reakcijo OER, je 
omejena na majhno število ustreznih materialov. Material, ki je primeren za preizkušanje 
elektrokatalizatorja za reakcijo razvoja kisika (OER), mora imeti naslednje lastnosti:  a) 
visoka korozijska odpornost in b) nizka kontaktna odpornost med površino katalizatorja 
in podlago, ki sta je primerna za reakcijo evolucije kisika. Raziskave kažejo, da ima 
diamant, dopiran z zlatom in borom (BDD),[12] ki je raziskan v tej diplomi, vse potrebne 
lastnosti. 
 
Nalaganje katalizatorja 
 
Debelina nalaganja katalizatorskega filma igra odločilno vlogo pri interpretaciji podatkov 
za meritve aktivnosti in stabilnosti. Težava pri merjenju iridijevih katalizatorjev je, da 
zanje, za razliko od platinskih, ne moremo zanesljivo izmeriti elektrokemijske aktivne 
površine (ECAS).  
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To lahko privede do napačne domneve, da ima katalizator, ki ga preizkušamo, majhno 
aktivnost. Na primer, če bi uporabili test kronopotenciometrične stabilnosti in debelo 
plast katalizatorja, bi lahko napačno domnevali, da je katalizator, ki ga preizkušamo, 
stabilen. To bi bila posledica tega, da se raztopljeni iridij s površine nadomesti s spodnjo 
plastjo, ki je bila prej neaktivna. Omenjeni pojavi so bili opisani tudi v literaturi.[12], [13] 
V magistrski nalogi prikazujemo, kako to vpliva na rezultat aktivnosti in stabilnosti in 
ugotavljamo, katere so najboljše prakse, pri katerih se izognemo tovrstnim težavam pri 
testiranju elektrokatalizatorja za OER. 
 
Dolgoročna stabilnost katalizatorja 
 
Za preizkušanje življenjske dobe katalizatorja so bili razviti različni protokoli s 
pospešenimi stresnimi testi (AST), ki jih v splošnem lahko razdelimo v tri kategorije:i) 
kronoampotenciometrično preskušanje (katalizator držimo pri konstantni gostoti toka), 
ii) kronoamperometrično preskušanje (katalizator držimo pri konstantnem potencialu) in 
iii ) test z velikim številom ciklov v območju delovanja elektrokatalizatorja. Glede na 
naravo delovanja PEM WE menimo, da sta primernejša kronoaperometrična in 
kronopoteciometrična testa, zato smo se osredotočili nanju. Pokažemo, da je potrebno 
upoštevati več osnovnih parametrov - ne glede na uporabljeni material. Najprej 
upoštevamo ohmični padec, ki se pojavi med delovno in referenčno elektrodo. Če tega ne 
odpravimo pri uporabi kronoaperometričnega AST, lahko to povzroči zelo napačne 
rezultate in napačne predpostavke glede stabilnosti katalizatorja. Opažamo tudi upad 
uporabe kronoamperometričnega AST. Z uporabo AST ni mogoče razrešiti mehanizma 
degradacije katalizatorja. Pasivizacija, delaminacija, aglomeracija, raztapljanje, 
blokiranje s kisikovimi mehurčki itd. vodijo k enakemu zmanjšanju toka. V tej nalogi 
raziskujemo vpliv nastajanja mehurčkov in pasiviranje mehurčkov kot poskus za njihovo 
odstranjevanje. Nadalje poskušamo primerjati kronoamperometrično metodo in 
kronopotenciometrično metodo, z namenom ugotoviti, katera je bolj primerna za oceno 
stabilnosti OER elektrokatalizatorja. Nastajanje mehurčkov je najverjetneje eno glavnih 
vprašanj pri dolgoročnem testiranju stabilnosti katalizatorja, saj bi njihov nastanek lahko 
lažno interpretirali kot odpoved katalizatorja. Kljub temu, da je naštete pomisleke 
potrebno upoštevati, pa menimo, da je mogoče stabilnost katalizatorja oceniti znotraj teh 
parametrov. Vsekakor pa je za nadaljnje izboljšanje stabilnosti katalizatorja potrebno 
predvsem razumeti degradacijske procese, ki potekajo med delovanjem katalizatorja in 
jih upoštevati pri načrtovanju novih katalizatorjev za reakcijo evolucije kisika.   
 
Ključne besede: elektrokemijska reakcija nastanka kisika, iridij, titanov oksinitrid, 
stabilnost katalizatorja, PEM-WE  
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Rotating disc electrode as a method for measuring the activity and stability of 
iridium-based oxygen evolution reaction electrocatalysts  
Abstract:   
During past decades, fossil fuels have been a crucial driving force for the growth of 
society and all of the most important industries. First as coal for the steam engines and 
the beginning of industrial revolution, up to modern days where they still represent the 
most used fuel for all aspects of modern life. However, knowing the impact that they have 
on our world, we must consider transitioning to more renewable and sustainable energy 
sources. Storing energy in the form of hydrogen has many benefits, the most prominent 
of which is the lack of emission of carbon dioxide upon its consumption as fuel. A key 
piece to utilizing this stored energy is the polymer exchange membrane fuel cell 
(PEMFC), a device that could provide localized electrical power using hydrogen as its 
primary fuel and producing only water as its waste. However very similar devices can 
also be used for production of hydrogen by means of electrolysis. Here we explore iridium 
nanoparticles supported on high surface titanium coating that is covering a base layer of 
carbon [2] for the anode, to promote the oxygen evolution reaction – the counter-reaction 
needed for effective hydrogen evolution. We demonstrate a catalyst support based on 
titanium oxinitride that provides a high surface area on which iridium nanoparticles can 
be supported. Such a combination of materials increases the efficiency of electrochemical 
reaction, while lowering the catalyst amount. Furthermore, by performing a number of 
accelerated degradation prtocols we show that the titanium oxinitride coating over the 
surface of the carbon substrate allows for a stable support that can withstand the harsh 
conditions found during the oxygen evolution reaction. We also highlight the many 
problems with benchmarking new catalyst and supports for OER, using the rotating disc 
electrode (RDE). 
In this thesis we are examining the following specific experimental aspects i) substrate 
electrode material, ii) catalyst loading iii) catalyst long term stability iv) catalyst ink 
preparation and v) activation protocols together with electrode prehistory. All of those 
play a crucial role when using RDE for evaluating OER electrocatalyst. 
 
Keywords: oxygen evolution reaction, iridium, titanium oxynitride, catalyst stability, 
proton exchange membrane devices  
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PGM  platinum group metal 
Pt/C  carbon supported platinum 
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RHE  reversible hydrogen electrode 
RDE   rotating disc electrode 
RPM  rotations per minute 
RRDE  rotating-ring disc electrode 
SEM  scanning electron microscope 
TEM  transmission electron microscopy  
TWh  terawatt hours 
UPL  upper potential limit  
Symbols 
A   working electrode area  
ΔEohmic ohmic polarization or ohmic drop 
E   potential of the cell  
E0    potential of the cell at standard conditions 
I  current  
J   current density  
RΩ   ohmic  resistance between electrodes  
δH   hydrodynamic boundary layer 
f   is the rotation rate 
η  overpotential 
ν   kinematic viscosity  
π  pi number 
ω  angular rotation rate 
  
FKKT  
 
23 
 
  
FKKT  
 
24 
 
  
FKKT  
 
25 
 
1.Introduction 
1.1 The need to innovate for a better, more effective, less costly solution 
When we look at the future, we are required to think on the cost that it entails. Amongst 
the many things that are necessary to consider, of key importance is our ever growing 
need and consumption of electrical energy. This is the cornerstone of modern society and 
modern way of life. Water is pumped and filtered from the ground to our homes using 
systems that run on electricity consuming TWh of energy globally each day.  Refining of 
petroleum products for fuel, cosmetics and plastics all make use of electricity to power 
the equipment needed.  All major industries, from pharmaceutical production to food 
processing, are in need of a constant and reliable source of electrical energy -  not only 
for the initial production of their goods, but also the ability for their products to be 
delivered over vast distances. Additionally one of the fastest growing new industries is 
that of the electric car.[3] Unfortunately, our dependence comes at a high environmental 
and human cost. This cost manifests itself in multitude of ways such as pollution of the 
environment from fossil fuels, nuclear energy and many others. High human cost is seen 
in labor and inhumane practices in the countries where raw material required for these 
industries are mined and produced from. But also the many effects on global scale of this 
phenomenon are colloquially referred to as "global warming". This term includes many 
events that happen as result of man made changes to the world: flooding, tsunamis, 
melting of the polar ice caps, leaving parts of the world inhospitable for human life, the 
effects on the flora and fauna. 
To look into one part of this chain, we can consider transport. Trucks, trains and ships, 
all still use diesel as the main source of fuel. This is shown in Figure 1, obtained from the 
United States Environmental Protection Agency (available for public use) where transport 
represents the biggest share to greenhouse gas emissions. Its closest rivals are by 1% 
lower emissions from the production of electricity and by 7% lower emissions from 
industry.   
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Figure 1 US. Environmental Protection Agency (2019) Inventory of US Greenhouse gas 
emission and Sinks: 1990-2017 
We must start consider the possibilities how to severely cut down this emission:  thus the 
idea of the renewable energy loop. Available solutions of renewable energy are the 
following: wind turbines, photovoltaics, hydroelectric power by which we can directly 
provide clean energy to the consumers.[4],[5] An important part of harvesting renewable 
energy consists of mitigating the unreliability of these systems to produce constant non-
intermittent outputs of power.[6] This issue is an inherent trait of these sources: it cannot 
be fully removed as they depend on the wind and sun which cannot be controlled. What 
we can influence is that we store the excess energy. In this way we make it possible to 
fully utilize all the power that is generated, and in periods when the production is below 
the required limits, we can subsidize by capitalizing on this reserve. Currently the most 
promising of avenues is the storage of energy in the form of chemical bonds.[7] This is 
not a new idea but dates back slightly less than half a century.[8] However, research over 
the past several decades has achieved the possibility of this being the technology of the 
future. Storing energy in the form of hydrogen has many benefits, most prominent of 
which is the lack of emission of carbon dioxide upon its consumption as fuel. This 
combined system is shown in Figure 2. The power that is produced by the primary sources 
and not consumed commercially is redirected to a water electrolysis plant, facilitating the 
splitting of water into hydrogen and oxygen molecules. In the schematic bellow both the 
fuel cell and electrolyzer are proton exchange systems. In simpler terms, they are an acid 
based system that makes use of a proton exchange to facilitate the reactions. A more 
detailed description for each device is available in the flowing subsection, along with 
stoichiometric formulas for each of the reactions and the potentials at which the reactions 
take place. The hydrogen produced can now be used as fuel for proton exchange 
membrane fuel cell (PEMFC), which in turn can provide electrical power lacking from 
the primary source back to the consumer completing the loop.[9] This approach is rapidly 
becoming a possible commercial solution that could replace the way we generate 
electricity on a large scale. And on a smaller but just as significant scale for personal and 
public transportation.[10]  
FKKT  
 
27 
 
The main issue with effective scale up of either PEM electrolyzers or PEM fuel 
cells is that they are both dependant on the use of rare and expensive platinum 
group metals (PGM) as catalysts. These materials, due to their high economical and 
strategic importance to the European economy, along with the high-risk associated 
with their supply are listed as critical raw materials (CRM).[11] It is absolutely vital 
that the amount of PGM loading is brought down to a minimum.  
In this thesis we test  the functionality and performance of titanium oxynitride 
(Ir/TiONxC-X) as a high-surface-area support that has well dispersed iridium 
nanoparticles, and exhibits good intrinsic electrical conductivity for its viability as 
catalyst for the oxygen evolution reaction(OER).[2] 
Additionally, we show some of the critical parameters that need to be taken into account 
when using the rotating disc electrode (RDE) as a method to evaluate electrocatalyst for 
the oxygen evolution reaction.  
Additionally, we show some of the critical parameters that need to be taken into account 
when using the rotating disc electrode (RDE) as a method to evaluate electrocatalyst for 
the oxygen evolution reaction.  
 
 
Figure 2 Renewable energy loop 
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1.2 What is a fuel cell? 
The simplest way to describe a fuel cell would be: "a means of converting chemical 
energy into electricity". This is possible in many of multiple types of fuel cells classified 
according to temperature at which they operate, the environment in which the chemical 
reaction takes place i.e (electrolyte) as shown in Figure 3. [12]  
 
 
Figure 3 Various types of fuel cells available for commercial use.[12] 
 
In all cases the working principle remains the same. On the left side, as shown in Figure 
3, is the anode, as an inlet for the fuel, which at the present is hydrogen. There are also 
other available sources of fuel that can be considered. On the right side, i.e. the anode, is 
the oxidant for which a supply of oxygen rich air is sufficient, except for the alkaline fuel 
cell (AFC) that suffers from CO2 poisoning and requires previous filtration to purified 
oxygen. 
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1.3 Polymer Electrolyte Membrane Water Electrolysis (PEMWEs) 
A representative schematics showing the overall desired reaction taking place within the 
PEMWEs is displayed in Figure 4.Water comes in on the side of the anode where it is 
split and oxygen molecules are oxidized Eq (1). The resulting protons then travel through 
the membrane to the cathode, here hydrogen reduction result in the evolution of hydrogen 
Eq (2). The overall reactions is given in Eq (3).[15],[16] 
 
Figure 4 PEM water electrolysis representative schematics 
 
Anodic Reaction   2 → 4 4    1.23      (1) 
Cathodic Reaction  2 2 → 2  2   0         (2)  
Overall reaction 2 → 2    1.23      (3) 
1.4 Some key observations from state-of-the-art research 
What is observed in Figure 3 is that a majority of fuel cells are designed to use hydrogen 
as their primary source of fuel. There are several benefits of making use of fuel cells. 
Their efficiency is 60%,[13], [14] where in compression combustion fuel engines have 
an efficiency of only up to 25%. Another contributing factor of greater importance is the 
effect they have on global climate change phenomena reducing the local environmental 
pollution and overall output of harmful greenhouse gases(GHG) such as CO2, SOx and a 
multitude of other harmful byproducts.  
In order to increase the efficiency of electrolysis, research has recently shifted from 
the conventional alkaline water electrolysis to low-temperature proton exchange 
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membrane (PEM) electrolyzers, which are much more compact, allow faster start-
up response and much higher current densities.[15]–[17] We must also consider the 
downside of the acidic electrolysis, that prominently lie in the extremely harsh 
environment at which they operate: high humidity, low pH and high ovepotential that is 
necessary to facilitate the slow kinetics of the oxygen recombination reaction. 
Our dominant concern is with the anode in PEM-WEs as shown in the right side of Figure 
5.  Furthermore, when we take an in depth look at image b) we clearly see that on the 
nanolevel our cathode is built of a IrO2-nanoparticles with estimated size of about 
15nm.[18] The reason to use iridium and especially rutile iridium oxide  as the 
electrocatalyst are twofold: one is its high activity demonstrated as a catalyst for (OER) 
and the other, equally important factor, is its high stability at high potentials in acidic 
media. Considering the harsh conditions under which the PEM-WE function they still 
suffer from high amount of anode corrosion. 
 
Figure 5 SEM image of an Membrane Electrolyte Assembly (MEA) cross-section.[18] 
 
Figure 6 SEM image of two anodes with different anodic loadings. a) 1.7 mg cm−2 IrO2 
and b) 0.31 mg cm−2 IrO2.The inset a) shows a higher resolution SEM image of the lower 
loadings anode electrode.[19] 
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Despite the fact the Ru and RuO2 both show a higher intrinsic activity for the OER 
the state-of-the-art electrocatalysts for PEM water electrolysis are based on iridium 
oxides.[20]–[25]. Although RuO2 is more active as shown in  Figure 7 and is often 
used together with IrO2, it is also less stable. Stability plays a crucial role in the 
choice of materials, however even if stability for iridium oxide was not an issue, 
the problem remains of it scarcity. It is only produced in small amounts (<10 tonnes 
per year) as a by-product of the production of the other platinum group metals. The 
only metal that is currently scarcer and harder to obtain is rhodium.  
Therefore, one of the possible objectives towards the rational improvement of Ir-
based electrocatalysts would be to increase the available electrochemically active 
surface area, similarly as found in Pt fuel cell catalyst, i.e. in the form of finely 
dispersed nanoparticles on high surface area carbon support. However, carbon is not 
an option as it is not stable at OER conditions.[26] It corrodes at elevated temperatures 
used in electrocatalytic devices, especially in conjunction with high potentials associated 
with OER and in contact with PGMs that act as a “negative catalyst”.  
Thus it is proposed to use a strategy whereby carbon substrates are replaced by inherently 
more stable oxides. However, the obvious problem with the metal oxides is the electrical 
conductivity. Only a few options were reported to be relevant for OER electrocatalytic 
applications. The most frequently used materials are based on titanium and its oxides as 
well as some other conductive oxides such as antimony- or fluorine-doped tin oxide and 
tin-doped indium oxide (ATO, FTO and ITO).[26]–[31]. It has been shown recently that 
the conductivity and stability of such supports can be improved by properly tuning their 
morphology on the meso- [31] and nano- [32], [33] level which increases a possible 
successful outcome in further exploring these supports and their interaction with the 
catalyst.  
As in our papers [34], [35], the focus of thesis is a very promising functionality of titanium 
oxynitride  (TiONx-C-X). 
.  
Figure 7 Graphical abstract displaying the correlation of activity and stability concerning 
water electrolysers . OER activity decreases as Ru > Ir ≈ RuO2 >  IrO2, while dissolution 
increases as IrO2 ≪ RuO2 < Ir ≪ Ru. [36] 
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2. Methods  
2.1 Voltammetry 
Voltammetry consists of host of techniques, where we control the potential over time on 
the working electrode, and measure the resulting current that occurs. There are four 
different types of displaying results, though only two are more commonly used.  
In this thesis results are shown following the convention where the anodic current is 
considered positive, as shown in the image on the right in Figure 8, obtained from. [37] 
Following are highlighted three of the techniques that were used during the experimental 
work in this thesis.  
 
Figure 8 Two possible voltammogram plotting conventions.[37]  
 Potentiodynamic electrochemical techniques, where control is exerted over the 
potential and the current is measured:  
 
 Cyclic Voltammetry (CV) 
CV is a voltammetry technique that consist of sweeping the potential between 
two chosen potential at specific scan rate [V s-1], as shown in Figure 9. Using 
it we are able to study the reduction and oxidation processes of molecular 
species. Apart from that we are able to study electron transfer-initiated 
chemical reactions, which includes catalysis. Figure 9 shows  the resulting 
cyclic voltammogram. On it is shown a simple oxidation-reduction process. 
This process has only a single oxidation (positive current) peak and a single 
corresponding reduction peak(negative current). Depending on the reaction, 
catalyst and analyte involved there can be a higher number of peaks, or if there 
is no Faradaic reaction taking place there will be none.[38] 
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Figure 9 Cyclic potential sweep.[38] 
 
 
Figure 10 Cyclic voltammogram, key points (I) Capacitive current (background) (II) 
Faradic current ie. the reaction taking place (III) Oxidation peak (IV) Reduction peak. 
[38] 
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 Chronoamperomatry  
Chronoamperometry is an electrochemical technique where the potential on 
the working electrode is instantaneously stepped from zero to some finite 
value - either negative or positive. The resulting current over time is the 
measured representative variable as presented in Figure 11.[38]  
 
Figure 11 Two-step chronoamperometry   
 Galvanostatic techniques, where control is exerted over the current and the potential 
is  measured, presented in Figure 12.[38]   
 
 Chronopotentiometry  
Is a electrochemical technique that where in the current flowing on the 
working electrode is instantaneously stepped from zero to some finite 
value. The resulting potential over time is measured.[38]  
 
 
Figure 12 Two-step chronopotentiometry 
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Ohmic Polarization 
The electrolyte or media in galvanic cells are not perfect conductors. When subjected to 
current there is always a loss of energy between the two electrodes. This inability or rather 
resistance of the media to transfer the charge fully from one electrode to other is referred 
to as ohmic polarization or ohmic drop (ΔEohmic) or iR drop. Ohmic polarization is related 
to the rate of ion flow between electrodes and described by the magnitude of current, 
electrolyte conductivity, and the distance between the two electrodes. According to the 
Ohm's law, ohmic potential can be represented as follows: 
∆ − ∗ Ω − ∗ ∗  
where RΩ is  the ohmic  resistance,  or  uncompensated  resistance, A is the working 
electrode area, and j is the current density.[39] 
2.2 Rotating disc electrode 
The rotating disc electrode itself is simple to operate and provides robust and reliable 
measurements. It consists of an electromotor connected to a shaft which in turn has thread 
end to which to attach the electrode, shown on left side of Figure 13. The outer shell of 
the electrodes is typically made of Teflon, PEEK or another equally inert material that 
will not leach or react with the solution. The shape of the shell is that of a cylinder, the 
back end of it is either hollow and threaded or as shown in the right side of Figure 13, 
threaded like screw that fits in to a hollow shaft depending on the type of rotator used. 
Embedded in the front end of the shell in its center is the disc electrode. For the most part 
commercially available discs have a diameter of 3 or 5 mm, but custom modifications are 
also possible. The working electrode can be of any number of material such as platinum, 
gold, most often for studies considering the oxygen reduction reaction (ORR) glassy 
carbon (GC) is used. Considering the much higher potential needed for the evolution of 
oxygen in an acidic media, carbon is not the most suitable of materials as substrate 
electrode as it is prone to high amount of corrosion and oxide formations for potentials 
above 1.2 V (RHE). In this thesis we explore different materials to be used that could 
possibly be used as the working electrode. We considered the effects that they show and 
a tentative determination which material is best suited for the testing specific aspects of 
the OER reaction. 
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Figure 13 On left side is a Origyalys RDE rotator, on the right are representative RDE 
tips for Pineresearch  
In order to account for mass transport effects and convection that takes place even when 
a submerged electrode is not in motion, we introduce motion to the electrolyte by way of 
rotation. The rotation of the electrode trough the electrolyte causes the flow near the 
electrode surface to be laminar, meaning that (i) it drags material to the surface of the 
electrode where it can react, (ii) the laminar flow means we have a convective- diffusion 
model, (iii) this model can be solved mathematically.[40] 
Additionally, the rotation causes the the bulk solution far away from the electrode to be 
well-stirred the. In contrast the solution that is contact with the electrode tends to rotate 
with the electrode. If the solution is viewed from the frame of reference of the rotating 
electrode surface, then the solution appears relatively stagnant.  This relatively stagnant 
layer is known as the hydrodynamic boundary layer, and its thickness δH can be 
approximated, 
 
(8) 
in terms of the kinematic viscosity (ν) of the solution and the angular rotation rate (ω = 
2πf/60, where f is the rotation rate in revolutions per minute).  In an aqueous solution at 
a moderate rotation rate (~1000 RPM), the stagnant layer is approximately 300 to 400 µm 
thick.[40] 
 
Overpotential, also defined as polarization, η = E - Erev, denotes the additional energy 
(beyond the thermodynamic requirement) needed to drive a reaction at a certain rate. For 
higher potentials it will go in the oxidizing (anodic) direction, and at lower potentials it 
will go in the reducing (cathodic) direction.[38] 
For the oxygen evolution reaction (OER) which is a reaction that occurs on the anode, we 
move the potential to more positive values in order for the reaction to take place. The 
activation energy needed to move the reaction forward at the rate reflected by the current 
is given by the overpotential that must be added above that of the thermodynamically 
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calculated value for the given reaction. For water splitting at 25 0C and pH=0-1 this value 
is 1.23 V vs RHE, thus as reflected in Figure 7 any catalyst that moves the reaction more 
to left meaning lowering the anodic ovepotential that must added can be considered to be 
a more active catalyst for the OER reaction. The lower the exchange current, the more 
sluggish the kinetics; hence the larger this activation overpotential must be for any 
particular net current.[41]  
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3. Experimental approach 
3.1 Synthesis  
Regarding the Ir/TiONx/C-X catalysts used in this thesis, there were two possible methods 
for synthesizing them. Despite that we decided to only use one method in this thesis – the 
nitrogen incorporation at low temperatures with a TiO2 precursor.[42]   
The iridium nanoparticles supported on high surface titanium coating that is covering a 
base layer of Ketjen Black EC600, containing various doped elements, was synthesized 
by Dr. M. Bele. The precursor used was in house manufactured amorphous TiO2/C 
composite. For a detailed description of the synthesis of Ir/TiONx/C-X catalyst samples 
please refer to [2].  
Two additional titanium supported iridium catalysts were used in the experimental work 
of this thesis: Ir/TiN-P25 which was synthesized also by Dr. Bele and Ir/TiONx-NR which 
was synthesized by colleagues at the Jožef Stefan Institute.  
In all three cases iridium nanoparticles were deposited on to the supports using a thermal 
procedure involving a 5% H2/Ar mixture and iridium(III) bromide hydrate (Sigma-
Aldrich, St. Louis, MO) x. For more a more detailed description please look at [34]. 
The fundamental difference between each of these supports is that both Ir/TiN-P25 and 
Ir/TiONx-NR only contain titanium oxynitride, whereas Ir/TiONx/C-X also contains 
carbon as base support.  
The materials used in the thesis are listed in Table 1.    
Material Type of support  
Iridium 
content 
Type of iridium present in 
catalyst  
Ir-Black (IH) None 100 wt. % Metallic 
Vulcan-Ir Carbon 22 wt. % Metallic 
Ir/TiONx/C Carbon /titanium oxynitride 22 wt. % Metallic 
Ir-Black Alfa Aesar None 100 wt. % Metallic 
Ir/TiONx-NR Titanium oxynitride nanotubes 22 wt. % Metallic 
IrO2 Alfa Aesar None  100 wt. % Thermally oxidized 
Ir/TiONx-P25 Titanium oxynitride 23 wt. % Metallic 
Table 1 List of materials used as electrocatalyst for OER  
For both catalyst sythesized at the institute the same iridium precursor was used. In the 
case of the synthesis of pure metalic iridium the procedure was similar to the method for 
creating dispersed iridium nanoparticles, but involving no support.  All measurements 
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have been normalized per mass of iridium and potentials are shown against the standard 
hydrogen potential (RHE). 
Two methods were used during the different steps of catalyst synthesis to observe the 
changes and ensure the desired outcome of the catalyst. For the detailed microstructural 
investigation, Cs probe corrected Scanning transmission electron microscope (Jeol ARM 
200 CF) with attached Jeol Centurio EDXS system with 100 mm2 SDD detector and 
Gatan Quantum ER Dual EELS system was used. The phase composition of the samples 
was determined with X-ray powder diffraction (XRD), using a D4 Endeavor, Bruker AXS 
diffractometer with Cu-Kα radiation (λ=1.5406 Å) and a Sol-X energy-dispersive 
detector. Diffractograms were measured in the 2θ angular range between 30 and 50° with 
the step size of 0.04/s and the collection time of 1 s.  XRD measurements revealed that 
the titanium dioxide that was used as a precursor was reduced during the synthesis step 
to titanium oxintride. After addition of both iridium and doped elements further checks 
were made. More information about the structure and characteristics of the materials is 
available in [43]. 
 
 
Figure 14 SEM images of catalyst support material titanium oxynitride on a carbon 
support  before adding iridium, TiONx/C before annealing 
 
 
 
 
 
a) 
b) 
b 
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Figure 15 SEM images of catalyst support material titanium oxynitride on a carbon 
support  before adding iridium, TiONx/C after annealing porosity increased 
 
Figure 16 SEM image showing TiONxC  with the addition of iridium nanoparticles on 
to the support 
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3.2 Preparation of catalyst inks 
For preparation of catalyst inks used for screening of Ir/TiONxC properties a mixture 
isopropanol (IPA) and ultrapure water (18.2 MΩcm) mixture (IPA:H2O = 1:1, ) was used. 
Typical inks consisted of 1 mg of catalyst powder dissolved into a 2 ml of solution. The 
suspension was then ultrasonically dispersed for 12-15 minutes making sure that the ink 
did not become heated. Furthermore, 20 μL droplets were dropcast onto a 5 mm- on E3T 
Series rotating Gold disk electrode from Pineresearch and left overnight to dry. Uniform 
catalyst thin film was achieved. Unless otherwise specified all measurements were done 
on polycrystalline gold electrode of 99.99 % purity. 
Catalyst loadings of 102 μg/cm2geo were used. All electrochemical tests were carried out 
in three-compartment electrochemical cell. The thin-filmed BDD electrodes were 
mounted onto a RDE system (Origalys). A graphite rod and a silver-silver chloride 
(Metrohm) electrode served as a counter and reference electrode, respectively. Oxygen 
evolution activities were measured in Ar-saturated 0.1M HClO4 solution with the RDE 
rotated at 1600 rpm. All potentials are referenced against the reversible hydrogen 
electrode (RHE). For each measurement the resistance was measured using 
electrochemical impudence spectroscopy and in 95% of cases the measurements were 
corrected for ohmic-drop, unless otherwise specified. 
The following chemicals were used to prepare catalyst inks and do electrochemical 
characterization: 
- Isopropanol (Riedel-de-Haën, puriss, ≥99.8 %); 
- Nafion solution (ElectroChem, 5 wt. % aqueous solution); 
- ultra-pure water (Milli-Q, 18.2 MΩ cm-1); 
- perchloric acid (Merck, Suprapur, 70%). 
 
Films and inks for both Ir-black (IH) and Vulcan-Ir were prepared using an identical way. 
To ensure rigorous cleanliness of the glassware, a cleaning process was performed that 
consisted of three parts. Part one was cleaning with a concentrated alkaline solution, a 
mixture of 2-propanol and concentrated potassium hydroxide.  Afterwards the glassware 
was neutralized using ultra-pure water and boiled. In part two the glassware was 
submerged in acidic solution containing in equal parts concentrated HNO3 and H2SO4 
mixture to ensure further removal of all organic and metal traces. The final step consisted 
of boiling in ultra-pure water for four times. The final step was performed each time 
before electrochemical measurements. 
Other types of electrode used in this thesis were: 
 
- RDE Boron Doped Diamond(BDD) Neo-Coat electrode 
- E3T Series rotating Platinum disk electrode 
- E3T Series rotating Glassy Carbon disk electrode 
 
FKKT  
 
43 
 
3.3 Electrochemical measurements  
Before the activity measurements, a pretreatment protocol was performed in order to 
activate (oxidize) the Ir nanoparticles. Two different activation protocols were tested. The 
first activation consisted of fast cycling (200 mV/s) between 0.05 and 1.2 V vs RHE. The 
upper potential limit (UPL) limit was ca. 20 mV lower than the onset potential of OER 
on iridium based catalyst. The second activation consisted of cycling between 0.05 and 
1.45 V vs RHE. This second protocol is similar to the potential range usually chosen in 
the literature.[28], [31], [44] The OER activity was recorded by performing cyclic 
voltammograms, from 0.05 and 1.6 V vs RHE, and the resulting polarization curves were 
recorded.  
Prior to each measurement the Au, Pt and GC electrodes were polished using a 0.3 mm 
Al2O3, and a polishing cloth. For the BDD a protocol taken from literature was used.[45] 
The electrode was submersed in 0.5 M H2SO4 and electrochemicaly polished (300 mVs-
1) for 500 cycles between 0-2 V  to remove all trace metals that may have been embedded 
in the surface of the electrode. After that a layer of catalyst was deposited on the surface 
of the electrode, by means of dropcasting. Both the method used and the amount of 
catalyst deposited was the same for each electrode resulting in a loading of 21 μgcm-2. 
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4. Results and Discussion 
It is necessary to note that the results are not provided in a strict chronological order. 
Certain aspects and problems became clear during experimentation and testing, and 
correction was implemented accordingly. The results are shown in a way to best highlight 
some of the key features one must take into account when using the TF-RDE method for 
OER reaction. For a more in depth  study that goes further and provides additional 
information not shown here, please refer to our paper [2], where  our benchmarking 
protocol for OER electrocatalyst using the TF-RDE is shown in a step-by-step manner. 
4.1 Substrate electrode 
The choice of the substrate electrode upon which to test the electrocatalyst for the OER 
reaction was first shown in [46] where the authors suggest that only gold and boron doped 
diamond (BDD) exhibited the necessary traits for OER measurements: a) high corrosion 
resistance and b) low contact resistance between the surface of the catalyst and the 
substrate. Of these two choices, it probably makes more sense to use gold as a very 
conductive and noble metal. As for BDD electrodes, the very nature of their diamond 
aspect makes them very stable even at potential above 2 V  
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Figure 17  The effect of backing electrode substrate on the measured OER activity. OER 
polarisation curves (anodic branch) of Ir-Black(AA) studied on separate electrode 
substrates at 20 mV/s, 1600 RPM in 0.1 M HClO4  
Here we show this to be true, moreover we make the point that the choice of the quality 
of the BDD electrodes is very important. Based on literature we can make certain 
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assumptions as to the reason why the same Iridium-black-alfa Aser catalyst exhibited 
much lower activity on the BDD electrode - as opposed to either the polycrystalline high 
purity platinum or gold. They are semi-conductors which have ideally a sp3 hybridization 
of the carbon making them very resilient to carbon corrosion. For this reason, we must 
dope the surface of the diamond with boron in order to make it conductive. A few issues 
can arise as result of this.  For example, if the quality of the doping is not sufficiently 
high, ohmic drops will occur.[47] This will result in lower activity being measured for 
the electrocatayst. Determining this resistance is very hard, as it can also occur during the 
measurement as result of carbon corrosion. This can occur if the electrodes contain too 
many impurities in the form of sp2 hybridization and not sp3. The sp2 hybridization is 
conductive but easily corrodes at potentials above 1 V[48]. Thus what is shown in Figure 
16 is not indicative of all BDD, but this is why we stress that for accurate measurements 
both high quality and sufficiently doped BDD electrodes must be used when testing for 
OER activity and stability in acidic environment.  
4.2 Stability 
To test the lifetime of a catalyst, various protocols have been developed. As regards 
accelerated stress tests (ASTs) protocols, they can be divided into three categories: 
 Chronoampotentiometric testing (The catalyst is held at a constant current 
density) 
 Chronoamperometric testing (The catalyst is held at a constant potential) 
  High number of cycles performed in the operating range of the electrolyzer.  
Each of these can be used to test different aspects of the electrocatalyst as well as different 
degradation mechanism that may take place. First we take into account the ohmic drop 
that occurs between the working electrode and the reference electrode. The increased 
ohmic resistance must be measured and accordingly corrected for. Partly the ohmic 
resistance is due to the cell geometry (wiring, contacting etc.), but largely due to the weak 
conductivity of the electrolyte. If not corrected for, it can lead to erroneous result and 
conclusion of the stability of the electrocatalyst. Figure 17 shows the typical effect of the 
ohmic resistance. In both measurements the same catalyst was used with equal loading. 
A potential of 1.8 V vs RHE was applied in both cases.  The resistance was measured 
using EIS by potentiostat. In the case were where the ohmic drop was not corrected, the 
loss of activity for over 2 h period is negligible. When the correction is applied we observe 
a sharp decline in activity during the same time. This can be explained in how the potential 
is applied by the potentiostat. If the ohmic drop is not corrected for, the potential applied 
to the WE is lower than then the assigned value.  All future measurements in this thesis 
are done with this consideration in mind.  
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Figure 18 Demonstration of the effect of applied correction for the ohmic drop during 
stability tests of Iridium Black (IH) catalyst deposited on to gold electrode in 0.1 M 
HClO4 at 1600 RPM.  
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Figure 19 OER chronoamperometric stability curves at 1.8 V, 1600 RPM in 0.1 M 
HClO4. The inset shows a magnified view of the area corresponding to the onset of 
bubbles growth on the surface of the Ir/TiONxC as a result of the OER reaction (red line).   
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What can be clearly seen is that newly developed TiONx/C-Ir electrocatalyst displays 
remarkable activity, higher then both the Vulcan supported iridium nanoparticles as well 
as the non-supported iridium nonparties.  
It should be noted that the titanium supported catalyst showed a higher affinity to 
dislodging the oxygen bubbles. This can be seen in the inset of Figure 19, marked by 
sharp spikes and increase of activity (red line). These jumps correspond to a bubble 
leaving the surface of the electrocatalyst. Similar results were shown in literature[49]. 
The reaction studied in the latter was chlorine evolution, which is very similar to oxygen 
evolution. It was found that by calcinations at different temperatures a greater surface 
roughness can be achieved. These surface modifications to the titanium support result in 
greater surface roughness. These so called "mud-cracks” increase the efficiency for 
removing bubble.    
It is possible that the new catalyst inherently has such defects in the regions where the 
titanium oxinatride does not fully cover the underlying base layer of carbon. These defects 
may lend themselves to providing a similar effect as the "mud cracks". 
Figure 23 is taken from [49]. It shows schematically how this mechanism is perceived to 
work. Bubble growth inside the cracks is inhibited so this growth if forced to occur on 
the topmost layer of the catalyst surface where the bubbles are susceptible to the flow of 
the electrolyte and removal by way of convection.  
 
Figure 20 Illustration of the gas-bubble behavior at the “outer” surface of the “cracked” 
electrode [49] 
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Figures 20, 21 and 22 show the activity measured before and after the AST. The 
mechanisms leading to loss of activity for Pt electrocatalyst due to electrochemical carbon 
corrosion in PEMFC is well known. The same mechanism is assumed to take place in the 
case of results shown in Figure 21 for the Vulcan supported iridium electrocatalyst where 
almost a total loss of activity is observed. Namely, similar to carbon corrosion that takes 
place in PEMFC, we here assume that the main underlying processes leading to loss 
activity involve agglomeration and particle detachment [50]–[54].  
Significant to note is that the newly designed titanium oxinatride supported 
electrocatalyst retains part of it activity for a prolonged period of time, as shown in Figure 
22. Again, the loss again could be potentially due to carbon corrosion. Because of the 
method used to synthesize this support, it is possible that some of the carbon used as the 
backbone remained uncovered by the titanium oxinitride and unprotected. Finally, a note 
must be made that this AST protocol is very severe. This can be seen by referring to the 
result of the degradation of the Iridium black (IH) where we observe loss of activity of 
nearly 50% (Figure 23.) which is more than expected for usual protocols.  
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Figure 21 OER activity polarisation curves of  Vulcan-Ir at 20 mV/s, 1600 RPM in 0.1 M 
HClO4. a) Before (Beginning of life-BOL) a 1h chronoamperometry degradation 
protocol (1.8 V) and b) after (End of life-EOL) the degradation protocol.  
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Figure 22 OER activity polarisation curves of Ir-TiONx/C catalysts at 20 mV/s, 1600 
RPM in 0.1 M HClO4 .a) Before (Beginning of life-BOL) a 1h chronoamperometry 
degradation protocol (1.8 V) and b) after (End of life-EOL) the degradation protocol 
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Figure 23 OER activity polarisation curves of Ir Black (IH) catalysts at 20 mV/s, 1600 
RPM in 0.1 M HClO4.a) Before (Beginning of life-BOL) a 1h chronoamperometry 
degradation protocol (1.8 V) and b) after (End of life-EOL) the degradation protocol. 
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The AST protocol used in this testing may not be the most suited for testing the catalyst. 
At this stage of testing we assumed that the loss of activity in the early stages was due to 
bubble formation on the surface of the iridium and thus blocking of active sites.  As shown 
previously in Figure 18 and Figure 19 such loss of activity cannot be explained simply by 
degradation of the catalyst material due to dissolution of the iridium.  It is also not feasible 
that such loss of catalyst activity is due to corrosion of the catalyst support, when taking 
into consideration the titanium and vulcan supported materials. If activity loss was due to 
corrosion of the support, we would expect to see similar degradation mechanism as 
known for carbon corrosion in ORR catalyst, namely agglomeration and particle 
detachment. Comparing TEM images (Figures 24 and 25) of the catalyst film before and 
after degradation, such a scenario is not supported. Although both mechanisms are visible 
to a small degree, neither is prominent to such a level to explain 60 % activity loss in the 
first 120 seconds. 
   
Figure 24 TEM images of Ir-TiONx/ C showing nanoparticles of iridium (darker spots) 
well dispersed on the titanium oxinitiride support 
 
 
Figure 25  (a) Bright-field STEM micrograph and (b) schematic representation of the 
Ir/TiONx/C.[2]  
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Figure 26 TEM images of Ir-TiONx/ C catalyst film showing  nanoparticles of iridium 
a) before 1h chronoamperometry AST protocol (1.8 V) and b) after the protocol 
a
) 
b
) 
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 Similar tests were done in [21] where the authors ascribed the big loss of activity (50 % 
of the electrochemically active surface (ECAS)) at high potentials (UPL above 1.8 V) 
mainly to particle dissolution and particle detachment, both of which were a result of 
bubble formation. Even taking into account their observations and the similarity of their 
outcome to the one presented in this work, the authors of [21] make no claim of the time 
scale of the loss of activity, so we cannot simply credit the present losses to those 
mechanisms. 
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Figure 27 a) The potential protocol applied to the Iridium black (AA) catalyst  deposited 
on a Au electrode in 0.1 M HClO4 at 1600 RPM consisting of 2 potential holds (1.8 V 
UPL and 1.1V LPL). b) The corresponding polarization curves   
To determine the effect of bubbles, we performed a chronoamperometric test with two 
potential holds. As seen in Figure 27, the first hold corresponds to the ones we did before, 
and the results are similar. After 15 min we lowered the potential to 1.1 V. At this potential 
the OER reaction is stopped, however the potential is still high enough to avoid reducing 
the iridium oxide that was formed electrochemically.[55] After holding at this lower 
potential we can assume that all surface bubbles were removed due to rotation of the 
electrode. However, as can be seen the current does increase, although to a level that is 
still lower than at the beginning. One possible explanation is given in the recent 
article,[56] wherein they claim that when  iridium catalysts is subjected to high current 
density, the bubble formation that occurs as the product of the reaction, is faster than the 
rate of desorption of the oxygen molecules from the iridium active sites. As the result of 
these micro-nano bubbles, an insulating layer between the catalyst active sites and the 
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substrate electrode begins to form and slowly grows. At the point where there are no more 
active sites on the catalyst available for OER, the reaction continues on the surface of the 
substrate electrode. This can be observed by the rapid change in potential from near 1.8 
V to above 2 V. The only issue that must be noted is in the choice of substrate electrode. 
By using gold as the substrate electrode it is possible that passivation of the gold can take 
place and mimic the result of bubbles blocking the iridium active sites. This is something 
our measurements have indicated, but they are not included in this thesis, as the result are 
still inconclusive. 
To summarize, the experimental evidence suggests that the above presented mechanism 
is very likely. This - as previously stated - can lead to the incorrect assumption of catalyst 
failure. However, if we consider these parameters, it is possible to evaluate catalyst 
stability. The following measurement shown in Figure 28, was done with this in mind. 
The measurement was done using lower current densities, to avoid intense bubble 
formation and passivation of the substrate electrode. With it we evaluated the stability of 
Ir/TiONx-NR vs that of Ir/TiN-P25. Additionally, a benchmark catalyst was used: 
thermal iridium oxide from Alfa Asser. It displays high stability and lower activity as 
expected, thus acting as a baseline for the measurement.   
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Figure 28 Galvanostatic stability transients at 0.1 A mg-1Ir of electrocatalyst for OER 
reaction in Ar-saturated 0.1 M HClO4 at 1600 RPM and 25°C on a polycrystalline Au 
electrode.  
Here by using a well-controlled reference system, having our benchmark catalyst 
displaying expected activity and stability, we can see that Ir/TiONx-NR displays higher 
stability then Ir/TiN-P25 but lower than that of iridium oxide. So compering the two 
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catalyst stability, while avoiding problems of passivation and bubbles was possible. 
Through this we aim to show that that galvanostatic AST can be used, for possible 
screening of electrocatalyst. 
4.3 Loading effect 
The catalyst film thickness plays a crucial role in how we interpret data for both the 
activity measurements and stability. The issue arises with using iridium and ruthenium as 
the primary catalysts in this reaction. As opposed to platinum, for which we have very 
effective ways of measuring the electrochemically active surface (ECAS), there are no 
similar reliable procedures available for iridium.  Some research groups are currently 
estimating the iridium ECAS by mercury underpotential,[57] but this is not always 
accurate and- due to the use of mercury - not environmentally recommended.  
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Figure 29 Effect of loading for OER chronoamperometric stability curves at 1.8 V, 1600 
RPM in 0.1 M HClO4 a) Ir/TiONxC b) Vulcan-Ir c) Ir-Black (IH) 
Further, more common methods used in classical heterogeneous catalysis, e.g. the 
Brunauer– Emmett–Teller (BET) method, are often not reliable in this case since there is  
no direct correlation between the BET-determined surface area and the electrochemically 
active surface area.[58] Furthermore, if the film thickness is too big it is possible that the 
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electrolyte is unable to penetrate through the entirety of the film. This would lead to 
incorrect estimation of the actual mass of iridium that is participating in the reaction.  In 
the end, this can lead to an underestimated value of the catalyst activity. Similarly, it can 
also lead to incorrect estimation of the catalyst stability. For instance, if we were to use a 
chronopotentiometric stability test and a thick catalyst layer, this could lead to the 
incorrect assumption that the catalyst being tested is stable. This would be due to the 
iridium being dissolved is now being replaced by the underlying layer that was previously 
inactive. This phenomenon has also been reported in literature.[46], [59] 
To estimate this effect on our catalyst, three different loadings were tested (5, 2.5 and 
1.25 µg cm-2). In the graphs they are shown by the full line, the slightly dashed line and 
the dotted dashed line, respectively (Figure 29). 
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Figure 30 OER activity polarization curves of Vulcan-Ir catalysts at 20 mV/s, 1600 
RPM in 0.1 M HClO4.a) Before (Beginning of life-BOL) 1h chronoamperometry AST 
protocol (1.8 V) and b) after (End of life-EOL 
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Figure 31 OER activity polarization curves of Ir/TiONx/C catalysts at 20 mV/s, 1600 
RPM in 0.1 M HClO4.a) Before (Beginning of life-BOL) 1h chronoamperometry AST 
protocol (1.8 V) and b) After (End of life-EOL) 
0
1
2
3
4
5
0.0 0.5 1.0 1.5
0
1
2
3
4
5
 
Ir-Black (IH) 
J
 /
 m
A
 m
g
-1 Ir
 23 mgIrcm
-2  
 5 mgIrcm
-2
   2.5 mgIrcm
-2
a)
b)
BEFORE
BOL OER
1.5 1.6
0
1
2
 
E / V vs RHE
 23 mgIrcm
-2  
 5 mgIrcm
-2
  2.5 mgIrcm
-2
AFTER
EOL OER
1.5 1.6
0.0
0.5
1.0
1.5
2.0
 
Figure 32 OER activity polarization curves of Ir-Black (IH) catalysts at 20 mV/s, 1600 
RPM in 0.1 M HClO4.a) Before (Beginning of life-BOL) 1h chronoamperometry AST 
protocol (1.8 V) and b) after (End of life-EOL) 
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What we observed as a result is that this issue is more pronounced in the unsupported 
denser iridium black, and less in either of the more porous catalysts. Notably for 
Ir/TiONxC before the degradation we see that for each lower loading the activity declines, 
implying that the porosity of the support is high enough to allow the reactants to reach all 
of the iridium active cites, without the issue of mass transport occurring. This in contrast 
with Iridium black but also to the carbon-supported iridium, where we see a stagnation of 
activity for the two higher loadings. The thickness of the catalyst layer is inhibiting the 
reactants from reaching the active sites.  
To confirm that this effect is a result of the loading and not abnormality of our catalyst, 
we performed the same testing protocols on commercially available benchmarking 
catalyst Ir-Black from Alfa Aesar (AA). The result showed the same trends as our 
electrochemical catalyst. This confirmation shows that in order to fully utilize and 
properly measure the activity or stability of the catalyst careful consideration must be 
placed on the catalyst loading. If possible, one should strive for the lowest amount of a 
catalyst to be used, without sacrificing film quality and electrode coverage. The results of 
stability testings for different loadings of two catalysts (Ir/TiONx/C and Ir-Black (IH)) 
are shown in Figures 30 and 31, respectively.  
Furthermore, iridium exhibits a similar tendency to the so-called transient-dissolution. 
This was first observed in [60] on gold. By using a rotating ring disk electrode, they were 
able to record cyclovoltamograms of the gold disk electrode. By calculating the charge 
of both the anodic peak and, separately, the cathodic peak, they noticed that they were 
not equal. The resulting charge for the cathodic peak was lower. In correspondence with 
the reduction of the gold electrode, at the same time a current was observed on the 
platinum ring. They concluded that this was due to oxidized gold being reduced and 
dissolving and, in turn, redepositing on the platinum ring These reduced oxides are 
soluble leading this to be the predominant mechanism of metal loss. The same mechanism 
has been shown for rhodium, [49], [50] As for iridium, this mechanism has still to be 
confirmed, however, recently there has been a study conducted in electrolyzer PEM stack 
that shows that MEA with lower loadings of iridium has a higher rate of dissolution then 
does with higher loadings. This is something that also has to be considered when 
researching this problem. 
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Figure 33  a) Chronoamperometric stability curves for 0.5 µgIr cm-2 and 1µgIr cm-2   b) 
Before (Beginning of life-BOL) 1h chronoamperometry AST protocol (1.8 V) and c) 
After (End of life-EOL) at 20 mV/s, RPM in 0.1 M HClO4  for benchmarking catalyst Ir-
Black AA 
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5. Conclusion  
When using TF-RDE for the study of oxygen evolution reaction (OER), one has to 
consider the following aspects: 
 Substrate electrode material  
The choice of the substrate electrode upon which to test the electrocatalyst for the OER 
reaction is curtail. For a material to be considered suitable for testing electrocatalyst for 
the oxygen evolution reaction (OER) it should exhibit the following properties. a) high 
corrosion resistance and b) low contact resistance between the surface of the catalyst and 
the substrate to be suitable electrodes for the oxygen evolution reaction. For higher 
current densities, when performing long term stability tests of a catalyst, high quality 
boron doped diamond (BDD) or fluorine doped tin oxide (FTO) that do not form passive 
oxides should be used. However, one must first ascertain that the quality of the 
semiconducting electrodes is acceptable, i.e. that it gives comparable results of activity 
measurements as a gold substrate. For measurements of catalyst activity at lower current 
densities the recommended electrode materials are gold and platinum, and possibly a high 
quality BDD. 
 
 Catalyst loading  
 In order to fully utilize and properly measure the activity or stability of the catalyst 
careful consideration must be placed on the catalyst loading. This way we one can avoid 
incorrect assumption for both activity and stability of the catalyst. If possible, one should 
strive for the lowest amount of a catalyst to be used, without sacrificing film quality and 
electrode coverage. 
 
  Catalyst long term stability  
An attempt was made to investigate how to best use the rotating disc electrode for long 
term stability of OER electro catalyst. Our conclusion is that chronoamperometric test are 
not the most suitable for evaluating long term catalyst stability, rather 
chronopotentiometric test are more reliable. However careful consideration must be 
placed to several key aspects. One is using lower current densities - to avoid bubble 
formation and substrate electrode passivation. For better evaluation of catalyst stability 
using RDE, we would recommend using it with additional techniques such as identical 
location transmission electron microscopy (IL-TEM) or offline inductively coupled 
plasma mass spectrometry(ICP-MS). 
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